Abstract: Two elastic-viscoplastic constitutive formulations are evaluated using laboratory and field data from Sackville, New Brunswick and Gloucester, Ontario. Both constitutive models have been implemented in a finite element program and formulated for undrained analysis and fully coupled analysis based on Biot consolidation theory. A laboratory study of the rate-sensitive behaviour of Sackville clay is described. The response of Sackville clay during consolidated anisotropic undrained (CAU) triaxial creep, CAU triaxial compression, and incremental oedometer consolidation is compared with the calculated behaviour. The comparisons demonstrate the general ability of three-parameter elastic-viscoplastic constitutive models to satisfactorily describe the rate-dependent behaviour of Sackville clay. The measured response of Gloucester clay during long-term Rowe cell consolidation tests is compared with the calculated behaviour, and the predictive ability of both constitutive formulations is evaluated using the field performance of the Gloucester case record. In undertaking the present study, the predictive ability of two elastic-viscoplastic constitutive models is examined for two soft clays. A new method of overstress measurement is introduced for elliptical yield surfaces and the importance of adopting a scalable yield surface for the constitutive modeling of soft clay is demonstrated. A model that is suitable for the study of reinforced and unreinforced embankments on soft rate-sensitive clay foundations is identified.
Introduction
Predicting the engineering response of soft rate-sensitive clay can be difficult (e.g., Folkes and Crooks 1985; Rowe and Hinchberger 1998; Zhu et al. 2001) . In many countries, infrastructure development depends on the successful design and construct of embankments on these difficult soils. Typically, the rate-sensitive characteristics of cohesive soils are neglected, and the performance of embankments constructed on these deposits is assessed using the theories of elasticity and classical plasticity. This approach is usually adopted even though many cohesive soils violate some or all of the assumptions implicit in both theories. In some cases, the rate-dependent properties of clay may be neglected and sufficiently accurate predictions obtained. However, there are a number of cases where modeling the rate-sensitive properties of clay is essential for evaluating the performance of embankments built on cohesive foundation soils (e.g., Bozozuk and Leonards 1972; M.I.T. 1975; Rowe et al. 1995; Fodil et al. 1997; Kim and Leroueil 2001) .
For some soils, an order of magnitude increase in strain rate results in a 10-20% increase in the measured undrained shear strength (Fig. 1) . Considering that field vane and cone penetration tests are undertaken at relatively high strain rates, there is potential for significant error in the measurement of undrained shear strength and subsequent assessment of short-term embankment stability. It is generally recognized that there is a need to develop a constitutive model that can adequately account for strain-rate effects on the engineering properties of soft clay. Accordingly, numerous researchers (e.g., Adachi and Oka 1982; Kavazanjian et al. 1985; Kutter and Sathialingam 1992; Wedage et al. 1998; Hinchberger and Rowe 1998; Kim and Leroueil 2001; Yin et al. 2002; Rocchi et al. 2003) have proposed elastic-viscoplastic formulations to account for the time-dependent behaviour of clay.
In this paper, the predictive ability of two elasticviscoplastic constitutive formulations is examined using (i) the behaviour of Sackville clay during laboratory loading and (ii) the laboratory and field response of Gloucester clay (Bozozuk and Leonards 1972; Lo et al. 1976 ). Both constitutive formulations, one developed by Adachi and Oka (1982) and the other by Rowe and Hinchberger (1998) , are threeparameter elastic-viscoplastic models based on stress, strain, and strain rate. Katona and Mulert (1984) and Desai and Zhang (1987) have developed similar three-parameter models for soft rock. The main objectives of this paper are to identify a constitutive formulation that is suitable for use in the study of embankments on soft rate-sensitive clay foundations and to examine the importance of the yield surface function on the constitutive response. In undertaking the present study, the general ability of two three-parameter elastic-viscoplastic constitutive models to describe the effect of strain rate on the engineering behaviour of two soft clays is examined. A new method of evaluating numerical overstress is introduced for elastic-viscoplastic formulations that utilize an elliptical yield surface. The new method of overstress measurement improves the predictive ability of elastic-viscoplastic models based on the elliptical cap yield function (Chen 1982) . In this study, it is shown that a single elastic-viscoplastic constitutive framework can account for the effects of strain rate on the engineering response of two natural soft clays subject to both drained and undrained laboratory loading and two-dimensional field loading. Given the range of stress paths and the duration of loading, this evaluation is considered to be unique and of interest to researchers and engineers in this field.
Case histories

Sackville test embankment
In 1989, a geosynthetic reinforced test embankment was built on a soft organic silty clay deposit (CL) in Sackville, New Brunswick, Canada. The embankment performance has been described in detail by Rowe et al. (1995) . Rowe et al. (1996) performed a finite element analysis of the test em-bankment using a conventional inviscous modified Cam clay constitutive model (Britto and Gunn 1987) coupled with Biot consolidation theory (Biot 1941) and it was concluded that this approach could not describe the essential features of the embankment behaviour. Rowe and Hinchberger (1998) subsequently performed a finite element analysis of the Sackville case history using an elastic-viscoplastic constitutive model coupled with Biot consolidation theory. This analysis provided an encouraging description of the embankment behaviour and served to illustrate the importance of considering the effects of strain rate on the engineering response of Sackville clay at yield and failure. In the following sections, the measured response of Sackville clay during undrained and drained laboratory tests is presented and compared with the calculated response obtained using two elastic-viscoplastic constitutive formulations.
Gloucester test embankment
In 1967, the Division of Building Research, National Research Council of Canada, built an unreinforced test embankment at Canadian Forces Station Gloucester, Ontario. Construction of the Gloucester test embankment was undertaken in two stages: the first stage in 1967 (Bozozuk and Leonards 1972) and the second stage in 1982 (Fisher et al. 1982) . In addition, several researchers have investigated the behaviour of Gloucester clay during undrained and drained laboratory loading (e.g., Law 1974 : Lo et al. 1976 Leroueil et al. 1983 ). The abundant laboratory and field data made available by this case allow for a thorough evaluation of the elastic-viscoplastic constitutive formulations described below.
Theoretical treatment of strain-rate effects
Constitutive equations
Many cohesive soils exhibit time-dependent stress-strain characteristics at all stress levels. It is, however, generally accepted that the time-dependent behaviour of clay becomes more predominant at stress states that cause yielding and failure in cohesive soils (e.g., Adachi and Oka 1982; Leroueil et al. 1983) . For a significant number of cohesive soils, it appears valid to neglect strain-rate effects in the elastic range. Accordingly, this approach was adopted in the present study. Two elastic-viscoplastic yield surface models have been implemented in a finite element program. Both constitutive equations are formulated in terms of mean stress σ m ′ = (σ 1 ′ + σ 2 ′ + σ 3 ′ )/3 and the second invariant of the deviatoric stress tensor, J 2 . Also, both formulations use the Drucker-Prager failure envelope to define the critical state. Details of the formulations examined are presented below and summarized in Table 1 .
Original Cam clay viscoplasticity
The first constitutive formulation is based on the original Cam clay model (Roscoe and Schofield 1963) , which was modified by Adachi and Oka (1982) to account for timedependent plasticity using Perzyna's theory of overstress viscoplasticity (Perzyna 1963 
Elliptical cap [1]
where & ε i,j e and & ε i,j vp are the elastic and viscoplastic strain rate tensors, respectively. In the original Cam clay elasticvisoplastic model, the elastic bulk modulus, K, is assumed to be stress depended viz.
, κ is the slope of the e -ln (σ m ′ ) curve in the overconsolidated stress range and e is the void ratio. The dependent shear modulus, G, is related to the bulk modulus by Poisson's ratio, v, as shown in Table 1 . Since elastic strains are assumed to be time-independent, & ε i,j e in eq.
[1] represents the inviscous incremental elastic strain tensor.
In accordance with Perzyna's theory (1963) , the viscoplastic strain-rate tensor is defined as follows:
where following the convention of overstress viscoplasticity, the notation + , implies:
In eq.
[3], γ vp is the fluidity parameter (or inverse of viscosity) with units of inverse time, the scalar function φ(F) is the flow function, and ∂g/∂σ i,j ′ is the plastic potential from plasticity theory. The popularity of Perzyna's theory of overstress viscoplasticity is due to its simplicity. The formulation incorporates the yield surface from classical plasticity, and therefore many rate-independent yield surface models (e.g., Roscoe and Burland 1968; Desai et al. 1986; Pastor et al. 1990; Lagioia et al. 1996) can be formulated for viscoplastic material behaviour. The strain-hardening law used in the original Cam clay model is
1 e where κ and λ are the slopes of the e -ln (σ m ′ ) curve in the overconsolidated and normally consolidated stress ranges, respectively; σ my s ′ ( ) is the intercept of the static yield surface with the σ m ′ axis; and ε vol vp is the volumetric viscoplastic strain. In tensor form, the constitutive equation is where s i,j is the deviatoric stress tensor, J 2 is the second invariant of the deviatoric stress tensor, σ m ′ is the mean effective stress, δ i j , is Kronecker's delta, G is the dependent shear modulus, κ is the slope of the e -ln (σ m ′ ) curve in the overconsolidated stress range, M is the effective stress ratio at failure, e is the void ratio, γ vp is the fluidity constant, and
is a measure of the overstress. The Adachi and Oka model (1982) , referred to as the original Cam clay model for the remainder of this paper, is illustrated in Fig. 2 for a typical undrained stress path considered in this investigation.
Elastic-viscoplastic elliptical cap model
The second constitutive model considered is based on the Drucker-Prager failure envelope and the elliptical cap yield surface (Chen 1982) . To facilitate direct comparison of the original Cam clay and the elliptical cap constitutive models, the elastic bulk modulus was assumed to be dependent on the mean stress, σ m ′ , according to eq. [2] . Similarly, eq.
[4] was assumed to govern strain hardening of the elliptical yield surface. It is recognized that there are many different hardening laws proposed for cohesive soils, however, the intent was to retain most of the critical state concepts (Roscoe and Schofield 1963) in both formulations to allow direct comparison and to limit the number of constitutive modifications introduced. The equation of the elliptical yield surface in 2 2 J -σ m ′ stress space is
where l, R, and σ my s ′ ( ) are defined in Fig. 3 . The constitutive equation for the elliptical cap model investigated in this paper is [5] and [7] , the flow functions, φ(F), are essentially equivalent for isotropic compression, and they are mathematically similar for stress paths typically encountered in situ during embank- In the elliptical cap formulation, the Drucker-Prager failure envelope (eq. [8]) was used to define failure in the overconsolidated stress range,
where M OC and c OC ′ are the slope of the failure envelope and the cohesion intercept in the overconsolidated stress range, respectively. The failure envelope in the normally consolidated stress range is also defined using eq.
[8] but with the parameters M and c NC ′ . Fig. 3 illustrates the main elements of this model and a typical strain rate depended stress path during consolidated anisotropic undrained (CAU) triaxial compression.
Hydraulic conductivity relationship
In investigating the constitutive response of Sackville and Gloucester clay, the relationship between hydraulic conductivity and void ratio was assumed to vary as follows (e.g., Tavenas et al. 1983 ):
where k o is the hydraulic conductivity at void ratio, e 0 , e is the void ratio, and C k is the slope of the void ratio versus hydraulic conductivity in e -log (k) space. The vertical hydraulic conductivity, k v , was calculated using eq.
[9], and the horizontal hydraulic conductivity, k H , is given by
Although cross-anisotropic permeability has been assumed, the stress-strain behaviour of both formulations is isotropic.
Discussion
A number of researchers have measured the shape of the yield surface for cohesive soils (e.g., Mitchell 1970; Tavenas and Leroueil 1977; Graham et al. 1983b) . Figure 4 summarizes data for three natural clays. It is evident that the yield surface shape and aspect ratio varies from soil to soil. To further illustrate this point, the elliptical yield surface parameters, R, required to fit yield points for a number of clays reported in the literature, are presented in Table 2 . The elliptical cap (eq. [6]) was selected for the present study since it can be scaled through the parameters R and l (Fig. 3 ) to model the aspect ratio and approximate shape of the Sackville and Gloucester yield surfaces. It is noted, however, that the elliptical cap yield surface fit becomes less acceptable as the structure of the clay increases. Accordingly, eq.
[6] may not be appropriate for highly structured or cemented clays, such as Saint-Alban clay (e.g., Tavenas and Leroueil 1977; Leroueil 1997) , where the yield surface appears to be rotated about the K o ′ -stress axis in stress space. From a practical point of view, however, the elliptical cap yield surface permits scaling to approximately fit the yield surface of soft clay over the predominant stress paths appropriate to embankment loading for soils that are quasi-isotropic and that do not exhibit significant structure. Although two additional constitutive parameters are introduced, the parameters R and l do not require additional testing and can be estimated from standard incremental oedometer and triaxial compression tests.
There are a number of similarities between the original Cam clay and the elliptical cap models adopted herein that permit direct comparison and evaluation. Specifically, both formulations use (i) the same elastic model, (ii) the same strain-hardening law, (iii) an associated flow rule, and (iv) a similar overstress function based on the power law (Norton 1929) . Accordingly, for stress states that cause yielding and failure of clayey soils, the overstress response of both models is similar.
There are, however, two significant differences between the formulations. First, the aspect ratio of the original Cam clay yield surface cannot be varied without adjusting the critical state parameter, M. The elliptical cap is more flexible in this regard and can be varied through the parameters, R and l, to obtain almost any ratio of undrained shear strength, c u , to preconsolidation pressure, σ p ′ . This can be done without altering the critical state parameter, M. The original Cam clay yield surface cannot fit the yield loci of most natural soft clays shown in Fig. 4 . Thus, it is necessary to investigate the implications of adopting the original Cam clay yield surface for elastic-viscoplastic constitutive modelling.
The second significant difference is the mathematical method of evaluating overstress. In the viscoplastic original Cam clay model (Adachi and Oka 1982) , the level of overstress is defined by the ratio of dynamic yield surface intercept and the static yield surface intercept, σ my Fig. 2 ). In the elliptical cap formulation proposed herein, overstress σ os d ′ ( ) is evaluated by method of parallel yield surface tangents, which is a significant modification to conventional elastic-viscoplastic formulations. For reasons of mathematic convenience, it is common to use the yield surface function to measure overstress (e.g., Adachi and Oka 1982; Katona and Mulert 1984; Desai and Zhang 1987 
( Fig. 2 ) and the rate of viscoplastic strain is taken to be proportional to the overstress ratio. In this study, a new method of overstress measurement for elliptical yield surfaces has been used. The method of evaluating overstress utilizes parallel yield surface tangents, and the resultant modifications enable the elliptical cap formulation to predict apparent yield surface expansion in stress space due to strain-rate effects that is more consistent with experimental observations. For example, Graham et al. (1983a) have shown that the yield surface of Belfast clay appears to expand almost uniformly in 2 2 J − ′ σ m stress space because of increases in strain rate (see Fig. 4 ). Fukukasa clay (Adachi and Oka 1982) , Sackville clay, and Gloucester clay (Hinchberger 1996) appear to exhibit similar behaviour, which can be approximated by the overstress measurement illustrated in Fig. 3 . Without this modification, the strain-rate dependent stress path of the elliptical cap model (Fig. 3) is highly nonlinear (e.g., Kutter and Sathialingam 1992) and does not provide a good description of the measured strain-rate dependent stress path for the clays considered here.
The preceding discussions provide some background into the elastic-viscoplastic formulations evaluated in this paper. These two constitutive models were implemented in the finite element program AFENA (Carter and Balaam 1995) Oka et al. 1986; Hinchberger 1996) .
Laboratory investigations
Sackville clay
For Sackville clay, strain-rate dependency was studied using a series of relatively conventional undrained and drained laboratory tests, which are summarized in Table 3 . Anisotropically consolidated undrained triaxial compression tests (CAU) were performed using standard 50 mm diameter and 100 mm long samples. The axial strain rates ranged from 0.009%/min to 1.14%/min. In addition, CAU triaxial creep tests were performed at deviator stresses that varied from 28 kPa to 50 kPa. All laboratory tests were performed at room temperature except CAU undrained creep tests, which were conducted in an environmental room at a relatively constant temperature of 10.5 ± 0.5°C. A typical CAU creep test involved two to three stages. The procedure used in testing Sackville soil from a depth of 5.6 m is described in the following section to illustrate the test methodology.
First, the soil was trimmed, placed in a triaxial cell (with membrane), saturated, and then anisotropically consolidated for 24 h. Next, the drainage valves were closed and the deviator stress was increased to 35 kPa and maintained for about 8000 min until the axial strains and excess pore pressure stabilized. In the second stage, the deviator stress was increased to 44.5 kPa and maintained until axial deformations and excess pore pressures stabilized (12 000 min). In the final test stage, the deviator stress was increased to 50 kPa and maintained for about 12 000 min. In all but the last creep stage, the deviator stress was maintained until the stress state reached equilibrium and the axial strain rate became insignificant. In the last creep stage, although the excess pore pressures generally stabilized, the applied deviator stress produced a constant rate of axial strain (or constant creep rate). As discussed below, the final equilibrium stress states measured during long-term CAU triaxial creep tests were used to estimate the initial yield surface intercept, σ my s ′ ( ) , and the cap parameters R and l.
For each CAU triaxial compression test, the first phase involved consolidating the soil to a mean stress approximately 20% higher than the estimated in situ mean stress. Consequently, there was secondary compression at the end of each 24 h consolidation stage, which was taken into account during modeling by adopting an initial state of overstress (see Figs. 2 and 3) . The intent of the laboratory investigation was to study the time-dependent plastic flow of Sackville clay, and consequently, consolidation stresses above the mean in situ stress were chosen to ensure plastic response. In taking this approach, consideration was given to the impact of the test procedure on the initial fabric or structure of Sackville clay. In general, Sackville clay did not exhibit evidence of significant structure. Gnanendran (1993) found that the shear strength of Sackville clay was essentially isotropic and the behaviour during triaxial compression could be classified as strain hardening. A typical oedometer curve is shown in Fig. 5 , which shows a linear compression response in the overconsolidated range, a poorly defined preconsolidation pressure followed by essentially linear virgin compression in e -log σ v ′ space. The calculated and measured behaviour during incremental oedometer consolidation are also considered in the following constitutive evaluation. Lo et al. (1976) describe the results of long-term consolidation tests conducted on specimens trimmed from Oesterberg samples and Block samples retrieved from the Gloucester site. The load increment applied in the long-term tests corresponded to the calculated load increment in the field caused by construction of the test embankment. The following specimen sizes were considered: (i) conventional 5.08 cm diameter by 1.27 cm thick samples tested in a fixed ring oedometer apparatus, (ii) 11.28 cm diameter and 5.08 cm thick specimens trimmed from Oesterberg samples and tested in a modified Rowe cell apparatus, and (iii) 15.24 cm diameter and 5.08 cm thick specimens trimmed from block samples and tested in a Rowe cell with pore pressure measurement (Lo et al. 1976 ). The long-term tests were conducted for durations of up to 150 days and the axial strain and excess pore pressure data is used in the present evaluation. It is noted that some uncertainty is introduced in the use of one-dimensional consolidation data to assess two-dimensional constitutive models since the confining stress during the test is not measured.
Gloucester clay
Evaluation
Selection of constitutive parameters
The elastic and viscoplastic material constants used to obtain the calculated behaviour of Sackville clay are summarized in Table 4 . In general, the selection of constitutive parameters for both elastic-viscoplastic formulations (eqs. [5] and [7] ) involved an iterative process that can be characterized by the following steps: (i) Conventional oedometer consolidation tests were performed to measure the preconsolidation pressure of Sackville clay and to estimate the constitutive parame- ters, κ and λ, for use in the analysis. Poisson's ratio, v, was assumed to be 0. tests. In this study, however, temperature effects did not have a major impact on the constitutive parameters required to fit the test data. This is attributed to the calibration procedure where γ vp was adjusted to fit creep rates during CAU triaxial creep tests conducted at 10.5°C. It is also attributed to the strain-rate parameter, n, (see φ(F) in eqs.
[5] and [7] ), which dominates the theoretical response of the model during CAU triaxial compression.
Sackville clay: CAU triaxial creep
As noted in Table 3 , multistage CAU triaxial creep tests were conducted on soil samples retrieved from depths of 2.4 m, 3.8 m, 5.6 m, and 6.8 m, respectively. Axial strain is plotted versus time in Fig. 6 for soil from a depth of 5.6 m. The measured excess pore pressure versus time is plotted in Fig. 7 . Calculated behaviour is also plotted in Figs. 6 and 7 for both original Cam clay and elliptical cap constitutive formulations.
Based on Figs. 6 and 7, it can be seen that the overall trend of axial strain and excess pore pressure measured during CAU triaxial creep are adequately described by both the elliptical cap and original Cam clay formulations. Both constitutive models overestimate the initial axial deformations in the early stages of each creep increment. Similar observa- tions were made for Sackville clay from depths of 2.4 m, 3.8 m, and 6.8 m (Hinchberger 1996) . In most cases, however, agreement between measured and calculated axial strain becomes satisfactory about 8-10 min after application of each deviator stress increment (see Fig. 6 ). From a practical point of view, the difference between measured and calculated behaviour is considered to be acceptable and can be attributed to idealizations introduced in both formulations (e.g., a power-law flow function, assumption of associated flow and isotropy, the assumed yield surface equations, etc.).
Sackville clay: CAU triaxial compression
Figures 8 and 9 compare measured and calculated stress paths during CAU triaxial compression tests on Sackville clay from 5.6 m depth. Equilibrium stress states measured during multistage CAU triaxial creep tests are also plotted in Figs. 8 and 9. As described above, the equilibrium stresses measured during CAU triaxial creep were used to estimate the initial yield surface intercept, σ my s ( ) , and the aspect ratio, R = 1.10, of the elliptical cap yield surface. The theoretical equilibrium surface is also shown in Figs. 8 and 9 for each constitutive formulation.
Overall, both original Cam clay and elliptical cap formulations are able to satisfactorily describe the effect of strain rate on the stress path and undrained shear strength of Sackville clay. Both constitutive models tend to underestimate the excess pore pressure at low deviator stresses and overestimate the excess pore pressures at higher levels of deviator stress. The critical state parameters adopted in the elliptical cap and original Cam clay formulations are listed in Table 4 . For the elliptical cap model, satisfactory agreement with measured response during CAU triaxial compression could be obtained for critical state parameters equivalent to c′ = 10 kPa and φ′ = 30°. Failure envelope parameters c′ = 10 kPa and φ′ = 30°were measured by Gnanendran (1993) for Sackville clay using both CAU and consolidated isotropically drained (CID) triaxial compression tests. In the case of the original Cam clay formulation, a critical state parameter, M, of 1.49 (φ′ = 42°) was required to obtain similar agreement with measured behaviour. The relatively high critical state parameter, M, is outside the range of typical values for soft silty clay and serves to illustrate one of the limitations of the original Cam clay model. Specifically, the original Cam clay yield surface is not flexible enough to simultaneously fit points on the Sackville yield surface and the failure envelope of Sackville clay.
The deviator stress versus strain response for Sackville clay from a depth of 5.6 m is presented in Fig. 10 and compared with calculated behaviour. Both models can simulate the effect of strain rate on the material stiffness and undrained shear strength. Better agreement between measured response and calculated response is obtained using the elliptical cap formulation; however, both constitutive models are considered to provide an adequate description of soil behaviour. For the elliptical cap formulation, the improved agreement between calculated and measured deviator stress versus axial strain is attributed to the yield surface shape and the resultant plastic potential. In addition, the elliptical cap model is sufficiently flexible to permit selection of failure envelope parameters, c′ and M, and cap parameters, R and l, to fit the test data. Such adjustments could not be made with the original Cam clay model.
Sackville clay: conventional incremental oedometer consolidation
Calculated and measured axial strain is plotted versus log time in Fig. 11 for an oedometer increment of 50-100 kPa on soil from a depth of 3.8 m. The consolidation test was modeled using the finite element program AFENA with cubic strain triangles, assuming axisymmetric geometry, twoway drainage, and neglecting friction at the top and bottom of the sample. The decrease in hydraulic conductivity of Sackville soil was described using eq.
[9] and a complete list of soil parameters used in the analysis is summarized in Table 4 and Fig. 11 . It is significant to note that the viscosity parameters (n and γ vp ) estimated from CAU triaxial compression tests were used in the consolidation calculations.
There is good agreement between measured and calculated behaviour during virgin oedometer compression. For the elliptical cap model, the calculated rate of secondary compression agrees more closely with the measured rate of secondary compression. Furthermore, a good fit between calculated and measured axial strain is obtained for a yield surface intercept of 35 kPa (see Fig. 5 ) suggesting that yielding occurred during the stress increment 25-50 kPa. This is in agreement with conventional interpretations of e -log σ v data. In the numerical computations, the mathematical level of overstress builds during the 25-50 kPa stress increment reaching equilibrium with the mobilized effective strain rate for subsequent stress increments. The mobilized effective strain rate depends on the compressibility of the clay, the hydraulic conductivity, and the duration of the load increments: in this case 24 h. Numerically, the build-up of overstress during the 25-50 kPa stress increment causes the preconsolidation pressure to be poorly defined. For stress increments above 100 kPa, Hinchberger (1996) showed that the calculated axial strain versus log time is independent of the initial yield surface intercept (e.g., σ my s ′ ( ) = 30 kPa or 35 kPa). The original Cam clay model was found to generally overestimate the rate of secondary compression, although the agreement could have been improved with minor adjustments to the viscoplastic parameter, n. It is implicit in both the original Cam clay and the elliptical cap formulations that secondary compression is neglected for oedometer increments below the preconsolidation pressure. Accordingly, the models cannot be expected to describe the variation of parameters such as C α /C c for all stress increments.
In summary, both constitutive formulations evaluated in the present study were found to satisfactorily describe the rate-dependent response of Sackville clay during CAU triaxial compression, CAU triaxial creep, and conventional incremental oedometer tests. Rowe and Hinchberger (1998) have demonstrated the ability of the elastic-viscoplastic elliptical cap formulation to model the Sackville embankment. It is significant that the viscoplastic parameters obtained from undrained laboratory tests on Sackville clay are also suitable for estimating the rate of secondary compression during drained incremental oedometer tests on standard sample sizes. In the preceding discussions and comparisons, the limitations of the original Cam clay model have been assessed. Specifically, the yield surface equation (see Table 1 ) is not flexible enough to describe the engineering response of Sackville clay using failure envelope parameters measured in standard laboratory tests. In the following, both formulations are evaluated using the Gloucester case history.
Gloucester clay: long-term Rowe cell consolidation
Calculated and measured behaviour of Gloucester clay during the long-term Rowe cell consolidation tests are compared in Fig. 12 . Constitutive parameters used in the evaluation are summarized in Table 5 for both elliptical cap and original Cam clay elastic-viscoplastic constitutive models. The following is a brief description of the methodology used to obtain the constitutive parameters. A more complete description can be found in Hinchberger and Rowe (1998) and Hinchberger (1996) .
The aspect ratio, R = 1.65, of the elliptical cap yield surface was estimated from the ratio of undrained shear strength (& ε axial = 0.001%/min) to preconsolidation pressure (measured in incremental oedometer consolidation) for soil from a depth of 2.4 m. For this calculation, K o ′ assumed to be 0.8 (see Hinchberger and Rowe 1998) . The critical state parameter, M = 0.9, was determined by Law (1974) using a combination of triaxial compression tests with pore pressure measurement. The critical state line does not have a cohesion intercept, (e.g., c NC = ′ 0 ). The hydraulic conductivity parameters and visoplastic constants, n and γ vp , were estimated from long-term consolidation tests undertaken on clay samples from depths of 2.4 m and 4.2 m, as discussed below.
Long-term consolidation tests were modeled using cubic strain triangles, assuming axisymmetric geometry, and neglecting friction at the top and bottom of the sample. Oneway drainage was assumed in accordance with the test conditions and the decrease in hydraulic conductivity of Gloucester clay was defined using eq. [9]. Lo et al. (1976) measured the excess pore pressure during Rowe cell consolidation tests and reported the time required for full dissipation of excess pore pressure (see Fig. 12 ) and 90% dissipation. As a result, the parameters C k , k o , and e o (Table 5) governing hydraulic conductivity and pore pressure dissipation were chosen with a relatively high level of confidence to fit the observed pore pressure dissipation. The strain-rate parameter, n, in eqs. [5] and [7] defines the rate of secondary compression. Accordingly, this parameter was established for both formulations by trial and error until the calculated and measured rates of secondary compression agreed. The yield surface intercept, σ my s ′ ( ) , defines the point of maximum curvature in the axial strain versus log time response (see Fig. 12 ). The fluidity parameter, γ vp , governs the duration of creep. Accordingly, the fluidity parameter, γ vp , was varied in conjunction with the yield surface intercept, σ my s ′ ( ) , until an acceptable match between measured and calculated response was obtained. Figure 12 illustrates the ability of both elastic-viscoplastic yield surface models to simulate the secondary compression response of Gloucester soil during long-term Rowe cell consolidation tests. Both original Cam clay and elliptical cap models were found to adequately describe the dissipation of excess pore pressure and the resultant compression during primary consolidation. In addition, reasonable agreement is observed between the calculated and measured rate of secondary compression after completion of primary consolidation. The elliptical cap model was found to underestimate deformation during primary consolidation for soil from both 2.4 m and 4.3 m depth. For comparison purposes, identical hydraulic conductivity and elastic parameters were used in both formulations.
In summary, both original Cam clay and elliptical cap formulations are able to describe the response of Gloucester clay during long-term Rowe cell consolidation tests. However, the yield surface of most natural clays is approximately elliptical (see Fig. 4 ). The original Cam clay yield surface is not elliptical. In addition, the aspect ratio of the original Cam clay yield surface is determined by the critical state parameter, M. In contrast, the aspect ratio of the elliptical cap 
Viscoplastic parameters
Model yield surface can be varied to describe the behaviour of Gloucester clay during both long-term oedometer and conventional undrained triaxial compression tests (e.g., Hinchberger 1996; 
Field performance: Gloucester test embankment
In 1967, a test embankment was built and instrumented at Gloucester, Ontario. The embankment was composed of granular fill of height 3.7 m constructed in a 1.2 m deep excavation. The crest width of the embankment was 9.2 m and the side slopes were built with a gradient of 1.5 horizontal to 1 vertical. Figure 13 shows the finite element mesh used to model the Gloucester test fill in addition to some details of the test embankment geometry, foundation depth, and instrumentation. Figure 14 provides a summary of the subsurface conditions. Additional details of the Gloucester case history are given by Bozozuk and Leonards (1972) , Lo et al. (1976) , Tavenas et al. (1983) , and Hinchberger and Rowe (1998) .
In this study, the Gloucester foundation was discretized to a depth of 20.2 m using six-noded linear strain triangles (see Fig. 13 ). At 20.2 m depth, a rough rigid permeable boundary was assumed. The foundation soil was modeled as an elastic-viscoplastic material coupled with Biot consolidation theory. Plane strain conditions were assumed and both original Cam clay and elliptical cap formulations were considered in the analysis. The embankment fill (sand fill) was modeled as an inviscous elastoplastic material with a MohrCoulomb failure criterion and flow rule of the form proposed by Davis (1968) . The Young's modulus of the fill was assumed to be dependent on the minor principle stress by Janbu's equation (Janbu 1963) . Table 6 provides a summary of the constitutive parameters utilized in this study. In addition, Fig. 14 shows the distribution with depth of constitutive parameters such as the vertical hydraulic conductivity, yield surface intercept, and compression index. In summary, the constitutive parameters were chosen based on extensive laboratory and in situ test data. As shown in Fig. 14 , there is close agreement between measured and assumed parameters. For comparison purposes, identical constitutive parameters were used for the original Cam clay and elliptical cap formulations. Only the yield surface shape and the yield surface intercept differed. Referring to Fig. 14 , in both models the yield surface intercept was assumed to vary with depth similar to the vertical preconsolidation pressure. For all depths, the assumed yield surface intercept for the original Cam clay analysis is higher than that of the elliptical cap based on analysis of long-term oedometer creep tests (see Fig. 12 and Table 5 ). As noted in Table 5 , a higher yield surface intercept was deduced from fitting the long-term Rowe cell oedometer tests. Full details of the finite element analysis of the Gloucester test embankment are presented in Hinchberger and Rowe (1998) for the elliptical cap formulation and in Hinchberger (1996) for both formulations.
In Fig. 15 , the field behaviour of the Gloucester test embankment is compared with calculated behaviour based on original Cam clay viscoplasticity and critical state parameters, M, of 0.9, 1.0, and 1.1. As noted above, the critical state parameter, M, of Gloucester clay is 0.9 (Law 1974) . In  Fig. 15 , the calculated settlement below centerline of the Gloucester test embankment exceeds measured settlement at all depths when the correct critical state parameter M = 0.9 is used in the analysis. Agreement between calculated and measured settlement is improved by increasing the critical state parameter, M, to 1.1. The calculated behaviour could have also been improved by increasing the yield surface intercept; however, the resultant yield surface intercept profile would not be in agreement with the measured preconsolidation pressure profile (Fig. 14) . The results in Fig. 15 have also been confirmed for instrumentation located below the embankment crest and toe (Hinchberger 1996) .
In Fig. 16 , the measured settlement below centerline of the Gloucester test embankment is compared with the calculated settlement for the elliptical cap formulation. In this case, there is reasonable agreement between the measured and calculated values. As discussed below, the improved behaviour of the elliptical cap model may be attributed to the yield surface shape.
Discussion
Overall, both constitutive models are shown to satisfactorily describe the behaviour of Sackville clay during CAU triaxial creep, CAU triaxial compression, and incremental oedometer consolidation tests. Compared with other soils in Fig. 1 , the undrained shear strength of Sackville clay is considered to have a high degree of rate sensitivity. The ability of both constitutive formulations to describe the effect of strain rate on the undrained shear strength of Sackville clay is considered to be important in the study of embankments built to failure on rate-sensitive foundations. Only the elliptical cap formulation was found to be sufficiently flexible to simultaneously describe the rate-dependent behaviour of Sackville clay for the failure envelope parameters, c′ and M, measured in triaxial compression (Gnanendran 1993) .
The original Cam clay and elliptical cap models were then evaluated using the Gloucester case history (Bozozuk and Leonards 1972; Lo et al. 1976 ). The evaluation utilized laboratory data from long-term Rowe cell consolidation tests and Note: M = 0.9 for both models except as noted in Fig. 15 . Cohesion intercept is zero, e.g., c NC ′ = 0 kPa. *Strain-rate parameter, n, for original Cam clay model. † Strain-rate parameter, n, for elliptical cap model. field data from the Gloucester case. Overall, both models were capable of describing the predominant rate-sensitive characteristics of Gloucester clay during long-term onedimensional Rowe cell consolidation. In contrast, only the elliptical cap model was able to predict field behaviour using constitutive parameters that are consistent with laboratory tests. The original Cam clay model overestimated deformations during the 14 year record. Figure 17 shows the stress path for a typical element of soil below centerline of the Gloucester test embankment. In addition, the initial and final position of the original Cam clay and elliptical cap yield surfaces are also shown in Fig. 17 . For both formulations, the magnitude of volumetric plastic strain is proportional to the degree of yield surface expansion viz. eq. [4] . Thus, as shown in Fig. 17 , for typical stress paths imposed by Stage I of the Gloucester test embankment, the original Cam clay yield surface predicts more volumetric plastic deformation than the elliptical cap yield surface. This is primarily due to the overall shape of the original Cam clay yield surface and it in part explains the inability of the original Cam clay model to adequately predict embankment settlements. response of Sackville and Gloucester clay at yield and failure in laboratory and field loading conditions. (v) The elliptical cap model evaluated in the present study appears to be suitable for use in the study of infrastructure built on soft rate-sensitive cohesive soils that do not exhibit significant strength anisotropy or structure.
